Temperature induced frequency shifts may compromise the sensor response of polymer coated acoustic wave gas-phase sensors operating in environments of variable temperature. To correct the sensor data with the temperature response of the sensor the latter must be known. This study presents and discusses temperature frequency characteristics (TFCs) of solid hexamethyldisiloxane (HMDSO) polymer coated sensor resonators using the Rayleigh surface acoustic wave (RSAW) mode on ST-cut quartz. Using a RF-plasma polymerization process, RSAW sensor resonators optimized for maximum gas sensitivity have been coated with chemosensitive HMDSO films at 4 different thicknesses: 50, 100, 150 and 250 nm. Their TFCs have been measured over a (−100 to +110) °C temperature range and compared to the TFC of an uncoated device. An exponential 2,500 ppm downshift of the resonant frequency and a 40 K downshift of the sensor's turn-over temperature (TOT) are observed when the HMDSO thickness increases from 0 to 250 nm. A partial temperature compensation effect caused by the film is also observed. A third order polynomial fit provides excellent agreement with the experimental TFC curve. The frequency downshift due to mass loading by the film, the TOT and the temperature coefficients are unambiguously related to each other.
Introduction
The Rayleigh type surface acoustic wave (RSAW) mode has enjoyed considerable interest among the sensor community over the last three decades because of several unique features that are difficult or impossible to achieve with other technologies [1, 2] . A two-port RSAW resonator coated with a chemosensitive polymer film makes an excellent high-resolution gas-phase sensor featuring fast response time, superb overall stability, high sensitivity and dynamic range and low sensor noise [3] [4] [5] . Such RSAW sensors currently find a variety of applications in sensor systems for analysis of chemical and biological gasses, medical diagnostics, electronic noses, environmental monitoring, etc. [6] [7] [8] [9] .
In most practical sensor systems precise temperature control is applied to the sensor devices and interface circuitry to eliminate undesired temperature induced frequency shifts that may corrupt the sensor readings. The sensor heads are typically kept at constant temperature using Peltier elements to provide reproducible results over a large number of measurement cycles. In portable and battery powered systems [10] , however, that operate in environments of variable temperature [11] these measures are very difficult, even impossible to achieve since temperature control building blocks are bulky and consume a lot of power. This makes maintaining constant temperature in the system impossible. And despite the fact that in most cases the sensor devices are fabricated on temperature compensated cuts of piezoelectric quartz, temperature induced frequency shifts may compromise the response of the sensor to the gas of interest.
A well-known method for eliminating the temperature effect is to use a dual-delay-line sensor configuration in which one delay line is used as a reference and the other one as a sensor [12, 13] . Then the beat frequency between both delay line channels that contains the sensor information is evaluated. In such a system it is assumed that temperature variation will cause equal frequency shifts in both delay line channels and therefore the beat frequency will be independent of temperature. Unfortunately, the dual-delay-line configuration is not the best choice for portable systems operating over a large temperature range. On one hand, it requires increased circuit complexity and higher battery power. On the other hand, a dual channel configuration operating on a low beat frequency is prone to injection locking-a problem that again requires even more sophisticated data extraction circuitry. The most serious problem, however is that it is extremely difficult and expensive to select two polymer coated delay lines with exactly the same temperature frequency characteristics (TFC) for precise temperature compensation of the beat frequency. Even small fabrication tolerances in the metallization parameters from device to device on the same wafer or variations of the polymer thickness may result in turn-over temperature (TOT) differences of the delay lines used [14] [15] [16] . This will result in significant measurement errors especially at the edges of the operating temperature range where small temperature variations result in large frequency shifts.
For all these reasons, in this paper, we consider the single channel system in which one sensor provides a composite sensor signal containing both: gas concentration data and temperature induced frequency shifts. If the TFC of the polymer coated sensor device is known and a simultaneous thermal measurement provides a temperature reading at the time of the gas concentration measurement, then the temperature induced sensor's frequency shift at that temperature can be calculated and used for a precise correction of the sensor response to provide exact gas concentration data. This study shows how this is done with RSAW resonant sensors coated with solid hexamethyldisiloxane (HMDSO) polymer films that are widely used in a variety of gas detection systems [17] . Due to the precise experimental technology reproducible thin films are obtained with a very high deposition rate. Moreover, by changing the plasma polymerization conditions, the monomer flow rate and the current density of the glow discharge, HMDSO polymers with desirable gas sensitive properties in wide range can be synthesized. Systematic experimental data on the TFCs of 433 MHz sensors on ST-cut quartz coated with thin solid HMDSO films are provided. The influence of the HMDSO film thickness on the TOT and the shape of the quasi quadratic TFC are studied in detail. Second and third order polynomial coefficients for precise interpolation of the frequency shift versus temperature dependence are extracted from experimental data on the tested devices and can be used successfully in the temperature compensation algorithm.
Operation Principle of Polymer Coated RSAW Based Resonant Sensors
The operation principle of a polymer coated RSAW resonant gas-phase sensor, illustrated in Figure 1 , is fairly simple. A two-port RSAW resonator fabricated on a temperature compensated cut of piezoelectric quartz, typically ST-cut for minimum temperature sensitivity at room temperature, is coated with a thin chemosensitive layer and mounted in a sensor head [5] . The sensing layer should feature physical sorption. This means that it should be able to adsorb gas molecules when a gas with a certain concentration is applied to it until equilibrium is reached. Then, when the gas is flushed away with dry air from the sensor head, all adsorbed gas molecules should restlessly escape from the layer. When the layer adsorbs gas molecules, it becomes heavier and the mass loading on the sensor surface increases. As a result, the SAW propagation velocity decreases and a frequency downshift ∆f s of the sensor resonance, referred to as "sensor signal" is observed. This is evident from Figure 2 that shows how a polymer coated 433 MHz RSAW resonator shifts its resonant frequency down by ∆f s = 38 KHz (88 ppm) as a result of tetrachloroethylene vapor probing at 1,000 ppm concentration. If that same measurement is performed at different temperatures, then a temperature induced frequency shift, according to the TFC of the sensor device, will be superimposed onto the sensor signal. Therefore, at constant gas concentration, the measurement will provide a different reading of the sensor signal at each temperature. This means that we deal with a composite sensor signal containing a gas concentration and temperature induced portion. The latter has to be precisely known and subtracted from the composite signal to obtain the true gas concentration reading. If the sensor device from Figure 2 is used to stabilize the frequency of a feedback loop sensor oscillator then ∆f s can be precisely measured with a high-resolution frequency counter [5] . The short-term stability of the sensor oscillator will yield the detection limit or the minimum change in gas concentration that the sensor system can resolve [17] . The latter is called "resolution" of the sensor system and is easily calculated using the measured value of the oscillator's short-term frequency fluctuations. If for the above 433 MHz sensor oscillator these fluctuations are within 1 Hz/s, then the sensor resolution would be 38 Hz/ppm vapor concentration meaning that the system can resolve 26 ppb (parts per billion) in 1 s measurement time. In a practical sensor system, variation in temperature and gas concentration is a slow process, compared to the measurement time. Therefore, in this 1 s measurement time we assume that temperature and gas concentration variations do not cause significant dynamic frequency shifts during the measurement and the system records the sensor frequency at a static gas concentration and temperature.
The Temperature Sensitivity Problem
If a portable sensor system is intended to operate over a large temperature range then the temperature sensitivity of the sensor devices becomes a serious issue. This problem is illustrated with the example in Figure 3 , which compares the sensitivity to changes in relative humidity (RH) of a RSAW resonant sensor, coated with 150 nm thick HMDSO polymer film (Figure 3(a) ) with the TFC of that same sensor device measured over a (−80 to +100) °C temperature range (Figure 3(b) ). It is evident that the 500 ppm temperature sensitivity of this sensor over that temperature range exceeds by a factor of 5 its sensitivity to RH changes that are within 100 ppm in the (25 to 100%) range. If the base line (0 frequency shift) for the vapor measurement is set at 25% RH and the TOT of −30 °C is used as a reference line for the temperature measurement, then, according to the data plots in Figure 3(a,b) , at 70% RH and 25 °C the composite sensor reading will be 150 ppm. From this value, 100 ppm will be the temperature induced frequency shift (see Figure 3(b) ) and only 50 ppm will be the actual sensor response to the 45% relative humidity change (from 25 to 70%) that we are interested in (see Figure 3(a) ). This example illustrates the necessity of a precise correction of the sensor readings S p a n 1 .0 0 0 M H z C e n te r 4 3 2 .5 5 1 M H z S p a n 1 .0 0 0 M H z C e n te r 4 3 2 . with temperature induced frequency shifts if gas concentration measurements are performed in the above temperature range. This, in turn, requires an additional temperature measurement with each gas concentration measurement, exact knowledge of the TFC of the coated RSAW device and a calculation or look-up table (LUT) for correct reading of the compensation value. In the next sections we will discuss the influence of the HMDSO film on the TFCs of coated RSAW sensors and will provide temperature coefficient data that can be used for successful temperature compensation of the sensor readings. 
Experimental Work
In this section we will briefly describe the RSAW resonant devices, the HMDSO polymer coating method and the measurement of the TFCs of the coated devices.
The RSAW Sensor Resonators
In our SAW sensor work we prefer to use two-port resonators on temperature compensated cuts of quartz rather than SAW delay lines. The reason is that, even after coating with the chemosensitive film, two-port resonators retain much lower unmatched device insertion loss and higher Q than their delay line counterparts [17] and thus provide much less noise in the sensor oscillator. Not every two-port resonator design, however, is appropriate for gas sensor applications. A two-port resonator, designed for maximum Q in communication applications rarely makes a good sensor device since its loaded Q and insertion loss degrade very rapidly with film coating. Care has to be taken to design the sensor device in such a manner that it can tolerate fairly thick chemosensitive films without serious degradation of loss and loaded Q while providing maximum gas sensitivity. This is achieved by maximizing the electrical coupling to the load and extending the active resonance zone to a maximum while retaining single mode operation. Design details of an excellent sensor resonator, using a corrosion proof gold electrode structure for operation in highly reactive gas phase environments, are provided in [18] . The layout schematic of the RSAW sensor device that we used here is shown in Figure 4 (a). As with any two-port SAW resonator, it consists of two interdigital transducers (IDT), two periodic reflector gratings to form a standing wave pattern and a center waveguide grating for acoustic coupling between input and output IDT. Strong coupling to the load is achieved by carefully optimizing the number of finger pairs in each IDT and the acoustic aperture. Maximum gas sensitivity is achieved by maximizing the center grating length while maintaining a single well-behaved resonance such as the one characterized in Figure 4(b) . The sensor devices of this type that we used in this study have a typical uncoated insertion loss in the 6 to 8 dB range and a loaded Q of about 5,000. After HMDSO film coating at 250 nm thickness the loss increased up to about 12 dB and the loaded Q degraded to about 2,000. These values are good enough to build a sensor oscillator with 1  10 −9 /s short term stability as required for high-resolution gas concentration measurements. 
The HMDSO Deposition System
The HMDSO polymer is obtained from an organosilicon monomer in a plasma polymerization process. This type of polymer has been used for over a decade in a variety of sensor applications since it has several very attractive features. On one hand, it allows well controlled and reproducible high deposition rates. On the other hand, tailoring the physical and chemical properties to specific applications such as depth of the surface sorption and sensitivity to certain chemical compounds is possible by doping and controlling the process parameters. HMDSO polymer films have a highly branched and cross linked structure, resulting in excellent adhesion to almost every substrate. They are mechanically stable over temperature and time and do not change their sensitivity over many cycles of gas probing. Due to surface sorption they feature fast response times and quickly desorb the amount of the measured gas. Finally, they are stiff and highly elastic and do not seriously degrade the loss and Q of the acoustic wave resonator as explained in the previous section.
The schematic and building blocks of the RF plasma reactor that we used for HMDSO polymer deposition are shown in Figure 5 . In the reactor chamber (1), the capacitively coupled glow discharge RF current is generated between two horizontally aligned electrodes (2) placed 60 mm above each other. This current is used to create low temperature plasma from Merck HMDSO monomer at >99% concentration, which is dispersed as gas in the chamber. The plasma excitation of the monomer gas is performed at 27.12 MHz using a RF power generator (VEM Inducal Berlin, Germany). The optimum monomer flow rate of 2.0 L/h is adjusted and controlled by a gas flow controller (GMR, NOVIS, Bulgaria). The current density is set at 0.16 mA/cm 2 . Polymerized HMDSO polymer films build up onto the surface of the RSAW resonators placed on a Teflon plate (3) which serves as a sample holder. The polymer thickness is estimated from the frequency readings of a mass-sensitive quartz crystal microbalance (QCM) before and after HMDSO polymer deposition. Figure 5 . Schematic of the RF plasma reactor for HMDSO polymer deposition: 1-reactor chamber; 2-electrodes; 3-sample holder; 4-generator; 5-microvalves; 6-containers for monomers; 7-diffusion pump; 8-vacuum balloon and 9-rotary pump.
The TFC Measurement Setup
The block diagram of the setup for automatic TFC measurement on the coated RSAW sensors is shown in Figure 6 . The sensor device is placed inside an aluminum (Al) chamber on top of a calibrated platinum (Pt) resistor used as temperature sensor. The sensor has good thermal contact with the RSAW device and the bottom of the chamber which is a massive Al cylinder with a machined-out cavity closed with a thick removable Al cover. This arrangement minimizes thermal gradients between the chamber, RSAW device and Pt sensor during the temperature measurement. An electric heater mounted around the Al chamber is used for heating the system. The chamber with heater is placed in a penopolyurethane foam container holding the liquid nitrogen used for cooling. The RSAW sensor is connected via long coaxial cables to a broadband amplifier forming a feedback loop sensor oscillator. The amplifier is placed outside the chamber at room temperature to avoid possible temperature induced electrical phase shifts that may corrupt the frequency data. The temperature dependent frequency of the sensor oscillator is measured by a high-resolution frequency counter while the temperature data are extracted by a resistance meter connected to the Pt resistor. A personal computer controls the frequency counter and resistance meter and processes the data in real time presenting the TFC on the computer screen. Before the measurement starts, liquid nitrogen is added to the penopоlyurethane container until the system is cooled down to about −100 °C. Then the heater power is slowly turned up until stable temperature readings are obtained. Temperature-frequency data pairs are stored in the computer in 2 K steps until the temperature increases up to about 110 °C. Then the measurement is terminated. About 6 h is required for an accurate and gradient free TFC measurement over the −100 to +110 °C range. Figure 6 . Block schematic of the temperature frequency characteristics (TFC) measurement setup.
Results and Discussion

Influence of the HMDSO Polymer Thickness on the Resonance Frequency and the Turn-Over Temperature in RSAW Resonant Sensors
The TFCs of RSAW sensors coated at 4 different polymer thicknesses, including an uncoated sensor are compared in Figure 7 . These data plots show that the stiff polymer film does not only shift down the device (TOT) but also changes the slopes of the parabolic TFC curve. These slopes become less steep, which means that a slight improvement of the overall temperature stability of the sensor, compared to the uncoated device, can be expected as a result of polymer deposition. Similar behavior has been reported also by other authors that have used SiO 2 overlays on LiNbO 3 and LiTaO 3 [19] [20] [21] . On the other hand, the TOT versus polymer thickness has a very similar exponential behavior as the resonance frequency shift that occurs as a result of increased mass loading on the RSAW device surface caused by the HMDSO film. Both dependencies are compared in Figure 8(a,b) accordingly. This means that once the resonance frequency shift of the RSAW sensor at a certain polymer thickness is known (see Figure 8(b) ), the actual turn-over temperature of that sensor can also be predicted according to Figure 8(a) ). Then, if the temperature coefficients of the TFC are known at that thickness, the overall temperature induced frequency shifts at the edges of the temperature range of interest can also be estimated even without a detailed TFC measurement. This, however, does not mean that these predictions can be accurate enough to perform a precise separation of the gas concentration data from temperature induced frequency shifts. Since due to Al film thickness variation there is always a slight variation of the TOT from device to device even on the same quartz wafer the uncertainties of such predictions would result in unacceptably high compensation errors. Therefore, for precise temperature correction of the sensor data, an accurate TFC measurement according to Section 4.3 is required. 
Temperature Coefficients of the TFC Dependencies
As shown in [22] , the complete temperature dependence of a SAW resonator is represented by the relationship:
where f is the temperature induced frequency shift, f 0 is the resonant frequency, T is the absolute temperature and T 0 is a reference temperature which is in our case the turn-over temperature (TOT). The coefficients a 0 , b 0 and c 0 are the first, second and third order temperature coefficients, respectively, that depend on the elastic constants at the selected crystal cut orientation. For ST-cut quartz the first order temperature coefficient is 0 and the third order one is negligibly small so that Equation (1) results in parabolic temperature dependence. A practical sensor operates over a range of absolute temperatures and, as shown in Figure 8 (a), T 0 of the TFC will shift down as the HMDSO polymer thickness increases. This is also evident from the data plots in Figure 7 . Since the coated RSAW resonator is fabricated on ST-cut quartz, a close to parabolic TFC dependence is still to be expected, however, we found that the following equation provides a better fit to the experimental data in Figure 7 .
Here the coefficients a and b are responsible for the TFC shift as a result of polymer deposition while c and d determine the curvature, i.e., the slopes and symmetry of the TFC dependence. Ideally, since the devices are fabricated on ST-cut quartz, the third order coefficient d should be 0 which would reduce Equation (2) to a quadratic dependence. However, as shown by the data plots in Figure 9 (a,b), a third order polynomial fit in which d  0 provides a better agreement with the experimental data than a second order polynomial fit in which d = 0. The discrepancy between experiment and second order fit in this case is clearly seen at around −30 °C and at the lower temperature edge of −100 °C in Figure 9 (a). The third order fit on the other hand (see red curve in Figure 9 (b)) is in perfect agreement with the experimental data plot (in black). This leads us to the conclusion that the TFC of a polymer coated RSAW sensor contains a small third order term that should not be neglected if precise temperature correction of the sensor data is aimed at. Tables 1 and 2 compare the coefficients of Equation 2 for the second order and third order polynomial fit of the experimental data for all 5 devices from Figure 7 . As evident from the right-most column in Table 2 the cubic coefficient d is about three orders of magnitude smaller than the quadratic coefficient c but it results in the difference seen in Figure 9 (a) versus (b). Table 2 . Coefficients of the third order polynomial fit for the 5 TFCs in Figure 7 . As evident from the data in Figure 8 and Table 2 , the polymer thickness, the resonant frequency shift, the TOT shift, and the third order polynomial fit coefficients are unambiguously related to each other. Once the TOT of the uncoated device is known and a measurement of the resonant frequency is performed prior to and after polymer deposition, the resonant frequency shift due to polymer mass loading is enough to predict the TOT point and calculate the entire TFC with Equation (2) and the polynomial fit coefficients from Table 2 without even measuring it.
Also, a compensation of the T 0 shift of the coated device and its adjustment at a desired temperature is possible by a crystal cut correction using the cut orientation dependence from Figure 8 in [23] . If we take, for example, the 150 nm coated ST-cut device whose T 0 is shifted down to −30 °C according to Figure 8(a) , then by using the data in Figure 8 from [23] , the quartz cut orientation has to be corrected from −42 for ST-cut to −38° rotated Y-cut to move T 0 to +25 °C (room temperature). Keeping in mind that the standard temperature operation range of portable systems is (−45 to +85) °C, such a cut orientation correction would result in a greatly improved overall temperature stability of the polymer coated sensor, which in this case would not exceed 150 ppm at the extreme edges of this 130 K temperature span on both sides of T 0 . Without cut correction the temperature induced frequency shift at +85 °C would be 450 ppm (3 times larger) as shown by the data plot in Figure 8 (b).
Conclusions
This study has provided experimental data on the temperature stability of ST-cut resonant sensors coated with glassy HMDSO polymer films for gas sensor applications. As a result of mass loading on the surface of the RSAW device, an exponential downshift of the resonant frequency and device turn-over temperature vs. HMDSO polymer thickness is observed. The parabolic shape of the TFC
